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ABSTRACT The structure of a complex of bacteriophage
A Cro protein with a 17-base-pair operator has been deter-
mined at 3.9-A resolution. Isomorphous derivatives obtained
by the synthesis of site-specific iodinated DNA oligomers were
of critical importance in solving the structure. The crystal
structure contains three independent Cro-operator complexes
that have very similar, although not necessarily identical,
conformations. In the complex, the protein dimer undergoes a
large conformational change relative to the crystal structure of
the free protein. One monomer rotates by about 400 relative to
the other, this being accomplished primarily by a twisting of the
two 13-sheet strands that connect one monomer with the other.
In the complex, the DNA is bent by about 400 into the shape of
a boomerang but maintains essentially Watson-Crick B-form.
In contrast to other known protein-DNA complexes, the DNA
is not stacked end-to-end. The structure confirms the general
features of the model previously proposed for the interaction of
Cro with DNA.

Recognition of specific DNA binding sites by gene regulatory
proteins is crucial for biological function. The Cro protein
from bacteriophage A is a prototypical example of the class of
transcriptional activators and repressors that incorporates
the helix-turn-helix DNA-binding motif (1-6). Crystal (7-11)
and NMR (12, 13) structures of several protein-DNA com-
plexes have confirmed the importance of the helix-turn-helix
motif but, at the same time, have revealed substantial vari-
ability in the use of the motif as a DNA recognition element.
There is no simple code for DNA-protein recognition (14, 15).
Here we report the crystal structure of A Cro complexed to

a tight-binding 17-base-pair operator site.
Although the resolution is moderate, the crystal includes

three complexes, allowing three independent views of the
Cro dimer-DNA structure.

Structure Determination

Crystals of the complex were grown as described (16). The
space group is P32 with a = b = 154.8 A, c = 86.0 A. The
17-base-pair fragment has the consensus sequence 5'-d[T(1)-
A(2)-T(3)-C(4)-A(5)-C(6)-C(7)-G(8)-C(9)-G(8)-G(7)-G(6)-
T(5)-G(4)-A(3)-T(2)-A(1)], where the numbers in parenthe-
ses indicate the base-pair position. There are three protein-
DNA complexes (i.e., three Cro dimers and three DNA
duplexes) per asymmetric unit. About 85% of the crystal
volume is occupied by solvent. Two isomorphous heavy
atom derivatives were obtained by the solid-phase synthesis
of site-specific iodinated DNA oligomers. In one case, thy-
midine-3 was replaced with 5-iododeoxyuridine and in the
second, cytidine-7 was replaced with 5-iodocytidine. Crys-

tals were also grown with DNA in which cytidine-7 was
replaced with 5-bromocytidine, and a third heavy atom
derivative was obtained by soaking these crystals in 2 mM
K2PtCl4 for 2 days. Intensity data were collected at the
University of California San Diego Area Detector Facility.
The iodouridine derivative was solved using a space-group-
specific Patterson peak search algorithm. Difference Fourier
methods were employed to solve the other derivatives. As
expected the two iodo derivatives had six heavy atom sites
per asymmetric unit. Fifteen platinum-binding sites were
identified in the bromoplatinum derivative. Selected statis-
tics are given in Table 1. A 5-A-resolution multiple-
isomorphous-replacement electron density map immediately
revealed the locations of the DNA and protein, as well as
large regions of solvent. The quality of the map was further
improved by solvent leveling.
The Cro-DNA crystals diffract very weakly at high Bragg

angles (16). This limitation, which is probably due to the
unusually high solvent content, restricts the present analysis to
a nominal resolution of 3.9 A. In the electron density map (Fig.
1), the course of the DNA backbone can be seen clearly but
individual base pairs are not resolved. On the other hand the
four iodine sites per DNA duplex (at base pairs 3, 3, 7, and 7)
are known accurately and are very helpful in assuring the
correct placement of the DNA. Similarly, prior knowledge of
the Cro protein structure (1, 18) made it easy to follow the
backbone of each Cro monomer in the complex, even though
individual side chains cannot, in general, be distinguished. The
a-helical nucleus of each Cro monomer (residues 7-40) was
placed in the electron density map by visual inspection and then
refined by a computer program to optimize the fit. The back-
bone of the C-terminal residues 54-66 appears to adopt a
different conformation in the complex relative to the uncom-
plexed protein (see below).

Crystal Packing

Each of the three independent complexes has a different
environment in the crystal. All three complexes are seen to
be similar, although not necessarily identical. Each complex
has twofold symmetry, with individual Cro monomers related
to their mates by calculated rotations of 1720, 1760, and 1790.
As was suggested by the diffraction patterns (16), there is a
pseudo threefold screw axis such that the three complexes
are related by -120° rotations and 51.4-A translations (Fig.
2). An unexpected (19) finding is a complete lack ofbase-base
stacking interactions between the DNA duplexes. That is to
say, unlike all previously reported protein-DNA structures,
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Table 1. Selected heavy atom derivative statistics
Phasing power, Rises

Derivative FH/E %

Bromoplatinum 1.39 27.5
lodocytidine 1.31 16.3
lodouridine 1.61 15.0

Phasing power is the ratio of the root-mean-square heavy atom
scattering to the root-mean-square lack ofclosure ofthe phase triangles
(17). Ri,. is the fractional change in the observed structure amplitudes
associated with the introduction ofthe heavy atoms. The figure ofmerit
(17) is 0.50 for 17,659 reflections to 3.9- resolution. This represents
84% of the theoretically observable reflections to this resolution.

to our knowledge (7-11, 20), there are no pseudo continuous
DNA helices extending through the crystal (19). Here, the
closest approach between successive duplexes is 4.5 A-5.5 A
between pairs of 5'-hydroxyl groups. In lieu of DNA-DNA
stacking there are several intercomplex protein-protein and
protein-DNA interactions that stabilize the crystal lattice.
Each end of the DNA duplex contacts the surface of adjacent
Cro-operator complexes in the vicinity of Lys-18, Lys-21,
and Arg-13. There may also be a stacking interaction between
the last base pair and the side chain of Phe-14. As a result of
these repeated DNA-protein-DNA-protein contacts, there
are essentially endless columns of Cro-operator complexes
that crystallize as an open hexagonal network enclosing
solvent-filled channels (Fig. 3).

DNA Conformation

For the most part, the DNA conformation of those bases
involved in protein recognition (base pairs 1-6 and I-X) can
be described as typically B-form. The complex, therefore,
supports the idea (1, 3, 7-10, 18, 21) that recognition of the
operator sequence by the protein is by specific contacts
between the side chains of the protein and the base pairs in

FIG. 1. Section of the electron density map for the Cro-operator
complex, at 3.9-A resolution, after solvent flattening. The view
shows one of the six "recognition helices" in the crystal structure (in
the center, seen end-on) within the major groove of the DNA. The
electron density for the phosphate backbone (at the upper left) is
clear but for the base pairs (at the lower left) is poorly defined. The
a-carbon backbone of the Cro protein (shown center and right) was
taken from the structure of the uncomplexed protein (1, 18) and fitted
to the electron density map by a combination of manual and
automatic procedures (see text).

the major groove of the DNA (i.e., by "direct readout").
There is no evidence that the DNA backbone in the recog-
nition region is significantly distorted, as would be diagnostic
for indirect recognition (11, 14). In the middle ofthe operator,
however, the DNA is bent through an angle of about 400. In
association with this bending, the middle five C+G-rich base
pairs appear to be overwound and kinks are apparent be-
tween base-pairs 6 and 7 (and between base-pairs Z and 7).
One measure of the degree of bending can also be obtained
from the iodine-iodine heavy atom positions at base-pairs 3
and A, which are on the side ofthe DNA that faces the protein.
In the three complexes, the iodine-iodine distances are 37.1
A, 36.7 A, and 37.3 A (average, 37.0 A). This is about 2.9 A
less than would be anticipated for straight B-DNA. NMR
studies of Cro-OR3 complexes (22-24) have indicated bend-
ing or distortion near the center of the DNA and theoretical
calculations (25) suggest that electrostatic interactions favor
Cro binding to a bent form of DNA.

Protein Conformation

The electron density map suggests that the conformation of
residues 7-50, which constitute most of the core of an
individual Cro monomer, remains essentially unchanged on
DNA binding. Within each of the three Cro dimer duplexes,
however, one monomer rotates relative to the other by 350,
480, or 510. This large quaternary change induced by DNA
binding is accomplished primarily by a twisting in the vicinity
of residues 52-54 within the P-sheet strands that connect one
Cro monomer with another. Chemical modification (26) and
NMR (24, 27) studies also show evidence for conformational
changes in the vicinity of residues 52-54, including increased
solvent accessibility of Tyr-51 and an increase in the ex-
change rate of the amide of Lys-56 upon specific DNA
binding.

Specific Protein-DNA Interaction

Since the structure of Cro was first reported (1) and a model
proposed (18) for its interaction with DNA the protein has
been the subject of intense scrutiny (e.g., refs. 21-24, 26-33).
These studies have supported, and the present work con-
firms, the essential features of the proposed model. In
particular, the a3 recognition helix of the protein is located
within the major groove of the DNA and recognizes a
sequence-specific site by direct interactions with the edges of
the base pairs. As in other regulatory protein-DNA crystal
structures, the side chains of the a2-helix are important in the
orientation and binding of the helix-turn-helix motif. The
present work also confirms the suggestion from model build-
ing (18) that the binding of Cro to DNA might be associated
with "hinge bending" of the protein and bending of the DNA.
On the basis of model building, a number of specific

interactions were proposed between amino acids of the
protein and base pairs within the major groove of the DNA.
Some of these proposed interactions have, however, been in
dispute. In the initial model (18), it was proposed that Ser-28
contacts base-pair T-A(3) and Lys-32 contacts base-pairs
G-C(4) and T'A(5). Ptashne and coworkers (30, 31) have,
however, argued on the basis of in vivo binding studies that
Ser-28 contacts base-pair G-C(4) and Lys-32 contacts base-
pairs T-A(5) and G-C(6). [These changes would make inter-
actions for A Cro correspond to those for A repressor (10-31),
which recognizes the same operator sites.] On the other
hand, Takeda et al. (21) and Benson and Youderian (33) have
presented in vitro and in vivo binding data that support the
proposed interactions in original model. At the present res-
olution, it is not possible to unequivocally resolve these
differences. The electron density map plus the known iodo-
substitution sites permit the operator DNA to be placed with
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an estimated uncertainty of about 1 A. The placement of the
known backbone of the protein within the electron density is
more accurate (estimated error, ±0.5 A). The individual side
chains are, however, not resolved and the positions of the
distal atoms, especially, are uncertain. Based on inspection
ofthe six independent Cro monomers in the crystal structure,
it appears that Ser-28 contacts base-pair 3, 4, or both. Lys-32
is closest to base-pair 5, probably also contacts base-pair 6
and might reach base-pair 4. There is some indication that the
contacts may vary somewhat for the six independent Cro
monomers in the crystal but, at the present stage of the
analysis, it is not known if these are real differences due to
the asymmetry of the operator and/or differences in crystal-
line environment or if they simply reflect experimental er-
rors. If, indeed, Ser-28 contacts base-pairs AT(3) and GC(4)
and Lys-32 contacts base-pairs G*C(4), T4(5), and GC(6)
(possibly through water molecules), as consistent with the
present analysis, it might serve to reconcile the binding data
of Ptashne and coworkers (30, 31), Takeda et al. (21), and
Benson and Youderian (33).
The proposed (18, 21) contacts involving Gln-27 and Arg-38

are consistent with the present structure. In the original
model for Cro binding (18), it was proposed that Tyr-26
contacted base-pair 1 since this seemed to be the only
interaction that was geometrically feasible. The present
structure, however, suggests that it is actually Thr-17, in the
a2-helix, that contacts base-pair 1. (In the model Thr-17
contacted the phosphate backbone adjacent to base-pair 1
rather than the base pair itself.) These changes in the model
now explain the observations (28, 34) that some substitutions
of Tyr-26 cause a relatively small reduction in the affinity of
Cro for operator DNA. Interaction between the y-methyl of
the Thr-17 and the methyl group of the thymine in TC(7)
could account, in part, for Cro's preference (21, 33) for TEA
versus COG at position 1.
The apparent direct contact between base-pair 1 and

Thr-17 in the a2-helix of Cro is distinctly different from the
contacts observed for A repressor (10), even though these two
proteins bind the same operator sequences. It provides
further evidence that the helix-turn-helix units in A Cro and
A repressor do not align on the DNA in exactly the same way
(35) and that there is not a simple one-on-one recognition
code between amino acids and base pairs (14, 35, 36).

Finally, the determination of the structure of the complex
provides information on the role of the C-terminal residues
60-66, Ser-Asn-Lys-Lys-Thr-Thr-Ala. These residues are
disordered in the native protein (1) and, in the proposed
complex (17), were postulated to lie along the minor groove
of the DNA with the side chains interacting with the phos-
phate backbone. In the observed structure, Ser-60, Lys-62,
and possibly Thr-64 do, indeed, seem to be in a position to
interact with the phosphate backbone but, as a result of the
conformational changes during complex formation, residues
61-66 also lie against the protein. [In other words, these
residues do not "wrap around" the DNA like the N-terminal

Fig. 2. (A) Overall conformation of one of the three Cro-operator
complexes. The protein a-carbon backbone is shown in green. For the
DNA, the orange spheres indicate the positions of the phosphate
backbone and the smaller yellow spheres show the bottom of the major
and minor grooves. The direction of view is chosen to be along the axis
of one of the recognition a-helices (at the bottom). In the crystal
structure of the uncomplexed protein, the two recognition helices in the
Cro dimer are essentially parallel (1). In the complexes, however, the
second recognition helix (at the top) is rotated 35°-51° relative to the
other. (B) Overall arrangement of the three independent Cro-operator
complexes within the crystal structure (conventions as in A). Each
complex is related to its neighbor by a translation of about 51 A and a
rotation of about 1200. There is no end-to-end stacking of the DNA
strands.
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FIG. 3. Arrangement of Cro-operator complexes within the crystal structure. Within each protein monomer the individual amino acids are
shown as spheres, basic (blue), acidic (red), nonpolar (white), and polar noncharged (green). The orange and yellow spheres follow the phosphate
backbone and the major and minor grooves of the operator DNA. In contrast to other known crystals of protein-operator complexes, the
17-base-pair DNA segments are not stacked end-to-end. The view direction is down the crystallographic c axis and a layer ofmolecules 1-unit-cell
(86.0 A) thick is included. The horizontal row of molecules extending across the bottom includes nine Cro-operator complexes and corresponds
to three unit cells (i.e., 3 x 154.8 A). The open spaces are solvent-filled channels that extend throughout the crystals.

arms of A repressor (10).] These observations are consistent
with the studies of Caruthers and coworkers (37) on C-ter-
minal deletion and site-directed mutants of Cro in which
positions 60, 62, and 64 were shown to be more important
than positions 61, 63, and 65.
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